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Lysosomal stabilityThe abundance of dead macrophages in close proximity to HOCl-modiﬁed proteins in advanced atheroscle-
rotic plaques implicates HOCl in the killing of macrophages and the formation of the necrotic core region.
The mechanism of HOCl mediated death of macrophages was unknown, so using human monocyte derived
macrophages (HMDM) we here have shown that HOCl causes a rapid necrotic cell death characterized by
loss of MTT reduction, cellular ATP and cell lysis without caspase-3 activation in HMDM cells. The HOCl
causes a rise in cytosolic calcium level via the plasma membrane L- and T-type calcium channels and endo-
plasmic reticulum RyR channel. Blocking of the calcium channels or the addition of calpain inhibitors pre-
vents the HOCl mediated loss of mitochondrial potential, lysosome failure and HMDM cell death. Blocking
MPT-pore formation with cyclosporin A also prevents the loss of mitochondrial membrane potential, lyso-
somal destabilization and HMDM cell death. Blocking the calcium mitochondrial uniporter with ruthenium
red also blocks the loss of mitochondrial potential but only at high concentrations. HOCl appears to cause
HMDM cell death through destabilization of cytosolic calcium control resulting in the failure of both the mi-
tochondria and lysosomes.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Hypochlorous acid (HOCl) is a potent oxidant secreted by activated
phagocytic cells at sites of inﬂammation. HOCl is generated by the en-
zyme myeloperoxidase (MPO), which catalyzes the oxidation of chlo-
ride ions by hydrogen peroxide. HOCl plays a central role in the killing
ofmicroorganisms at sites of inﬂammation [1–2] due to its high reactivity
with a range of biomolecules including nucleotides [3], ATP [4], lipids
[5], amino acid side residues [6], ascorbate [7], glutathione [8] and pro-
tein thiols [9]. Thiswide range of reactivity has also implicatedHOCl as a
possible cause of injury to the surrounding host cells and tissues during
inﬂammation [10].
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l rights reserved.been implicated in the growth of the necrotic core of advanced athero-
sclerotic plaques [11]. MPO and 3-chlorotyrosine, a speciﬁc marker of
HOCl oxidation of proteins, have been foundwithin atherosclerotic pla-
ques rich in dead macrophages [12–13]. Macrophages have also been
reported to generateMPO, but not at the levels recorded for neutrophils
[13]. HOCl appears to be a signiﬁcant oxidant towhichmacrophages are
exposed to andmay be oneof the causes ofmacrophage cell deathwith-
in atherosclerotic plaques.
High concentrations of HOCl kill cells by generally oxidizing and lys-
ing the cells. At the lower, more physiological concentration generated
by neutrophils (20–400 μM) [14], HOCl attacks speciﬁc sites on and
within the cells triggering a variety of cell death mechanisms depending
on the cell type. HOCl damage to neuronal cells causes a rise in cytosolic
calcium ion level triggering calpain activation, lysosome rupture and cell
death [15]. In endothelial cells, HOCl triggers apoptosis through a rapidly
decreased endothelial Bcl-2 and cytochrome c release [16] and caspase-3
activation [17]. With HEPG2 and human fetal liver cells, HOCl causes
mitochondrial permeability transition (MPT) pore formation triggering
caspase-3 activation through cytochrome c release [18]. The mechanism
by which HOCl triggers cell death in macrophages is not known.
Macrophage cell death has been described by both necrotic and
apoptotic mechanisms [19]. We have previously shown that HOCl
causes large amounts of protein oxidation in U937 cells leading to
cell death [20]. Treatment of themonocyte like U937 cells with aqueous
peroxyl radicals causes caspase inactivation, glutathione loss and necro-
sis [21]. Oxidized low density lipoproteins cause caspase-independent
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while nitric oxide donors induce caspase activation in J774mousemac-
rophage cell line by inducing hydrogen peroxide formation [25]. In this
study, we show that HOCl induces cell necrosis in HMDM cells by trig-
gering a rise in cytosolic calcium level, MPT-mediated mitochondrial
membrane potential (ΔΨm) loss, calpain activation and lysosomedesta-
bilization. These results provide a novel insight into the mechanisms of
HOCl-mediated cell death at inﬂammatory sites.
2. Materials and methods
2.1. Materials
All tissue culture plastic ware was supplied from Greiner Bio-one
(Germany) through Raylab New Zealand Ltd. except for the 12-well
adherent cell culture plates, which were supplied by Nunc (Kam-
strupvej, Denmark) through In Vitro, New Zealand. Reagents and che-
micals were of analytical grade or better and obtained from BDH
Chemicals New Zealand Ltd. or Sigma Chemical Company (USA). All
solutions were prepared using ion-exchanged ultra-ﬁltered water,
which was produced using a NANOpure ultrapure water system
from Barnstead/Thermolyne (IA/USA). Granulocyte-macrophage colony
stimulating factor (GM-CSF) was a generous gift from the Haematology
group of the Christchurch Hospital. Molecular weight marker was pro-
vided by Fermentas International Inc. (Canada). Complete, Mini prote-
ase inhibitor cocktail tablet was supplied from Roche (Germany).
Calpeptin, SJA6017, cyclosporin A, ﬂuo-3-acetoxymethyl (AM) ester
and tetramethylrhodamine methyl ester (TMRM) were obtained from
Merck (Germany). Acridine orange was supplied from Invitrogen
(USA). The Bicinchoninic acid protein determination kit for protein
quantiﬁcation was supplied from Pierce Biotechnology Inc. (USA).
2.2. Human monocyte-derived macrophage cell culture
Human monocyte derived macrophages (HMDM) were prepared
using unlinked blood donated by hemochromatosis patients at the
NZ Blood Bank (Riccarton Road, Christchurch) under ethics approval
CTY/98/07/069 from the New Zealand Upper South B Ethics Commit-
tee. Monocytes were isolated from human blood by density gradient
centrifugation in the presence of Lymphoprep™ (Axis-Shield PoC AS
(Oslo, Norway)) as described by the manufacturer, and washed four
times in sterile phosphate buffered saline (PBS) containing 150 mM
sodium chloride and 10 mM sodium dihydrogen orthophosphate pH
7.4 [26]. After 40 hour incubation in serum free RPMI-1640 in non-
adherent plates at 37 °C, 5% CO2, cellswere plated into 12-well adherent
plates from Nunc at a cell density of 5×106 cells/well in RPMI-1640
media supplemented with 10% heat-inactivated human serum, 100 U/
ml penicillin and 100 μg/ml streptomycin. The cells were also plated
on 22×22 mm cover slips (Marienfeld) at 5×106 cells/cover slip,
which were placed in 6-well suspension culture plates at 1 cover slip/
well. Prior to use, the cover slips were sterilized by immersion in 96%
ethanol under aseptic conditions followed by exposure UV light for
15 min. The plates were left undisturbed at room temperature for 1 h,
allowing the cells to attach to the cover slip, before adding one extra
ml of the RPMI-1640 media with human serum into each well. GM-
CSF at 3 μg/ml was added to the media on the ﬁrst day after plating
but not added during subsequent media changes, which occurred
every three days. The monocytes were incubated at 37 °C, 5% CO2 and
differentiated into adherent macrophages over 7 to 14 days.
2.3. Cell treatment
HOCl (Clorogene Supplies, Petone) concentration was determined
by absorbance at 292 nm, pH 12 using the extinction coefﬁcient
350 M−1 cm−1[27]. HOCl was diluted to ﬁnal concentrations in sterile
Earle's balanced salt solution (EBSS) (Invitrogen, USA) just beforeaddition to cells. When required, the EBSS was supplemented with
0.68 mM CaCl2 to give the same concentration as in RPMI-1640
media. This media is referred to as calcium-supplemented EBSS while
the straight EBSS buffer without CaCl2 supplementationwill be referred
to as calcium-free EBSS.
For the majority of experiments HMDM cells were incubated at
37 °C with HOCl for 10 min in either calcium-supplemented EBSS or
calcium-free EBSS. For some experiments cells were pre-incubated
with different calcium metabolism modiﬁers. After treatment, the
cells were washed three times with PBS and incubated with the
RPMI-1640 media with human serum for the time periods stated.
2.4. Cellular metabolic activity
HMDM cell viability was measured by the reduction of 3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) [28].
Intracellular ATP levels were measured by reverse phase ion pair-high
performance liquid chromatography (HPLC) [29] using a Shimadzu
10A series HPLC with a SPD-M20A UV/Vis detector. For there to be suf-
ﬁcient ATP to be detected, 3wells of 5×106 cells/well HMDMcellswere
combined together by scraping with a total of 125 μl cold 0.07 M per-
chloric acid. After the sonication for 1 min and incubation on ice for
30 min, the cell lysates was centrifuged at 20,800 g for 5 min at 4 °C to
remove proteins. The resulting supernatant was neutralized with
12.5 μl of 2 M potassium carbonate. After centrifugation, 40 μl superna-
tant was injected onto a reverse phase 5 μm ODS (C18), 250×4.6 mm,
5 μm column (Phenomenex) and ATP was detected by absorbance at
254 nm with comparison to standards of known concentration. ATP
level in each sample was normalized for protein content.
Intracellular glutathione was measured using a light sensitive and
cell-permeable ﬂuorescent dye monobromobimane (MBB) that binds
to thiol groups, especially glutathione [30]. The resulting ﬂuorescent
glutathione-MBB adducts were detected by HPLC analysis.
2.5. Caspase-3 detection by Western blot analysis
HMDM cells after HOCl treatment were collected using ice cold
lysis buffer (40 mM HEPES, 50 mM NaCl, 1 mM EDTA, 1 mM EGTA
and 1× protease inhibitor cocktail, pH 7.4) and incubated on ice for
30 min. After protein analysis of the cell lysates and protein precipita-
tion with ice cold acetone, 90 μg protein samples were dissolved in
cracker buffer (0.125 M Tris–HCl (pH 6.8), 1% (w/v) sodium dodecyl
sulfate, 20% (w/v) glycerol, 0.1% (w/v) bromophenol blue, 2% (v/v) β-
mercaptoethanol and 0.5 mM EDTA). The protein samples were sepa-
rated in a 4–12% gradient polyacrylamide gel and transferred to a
0.45 μm-pore size nitrocellulose membrane (Invitrogen, USA). Immu-
nodetections were performed using the primary antibody mouse
monoclonal IgG2a and the secondary antibody goat anti-mouse IgM
HRP-conjugate (Santa Cruz Biotechnology Inc., USA). Equal loading
of proteins was conﬁrmed by re-probing the nitrocellulose mem-
brane with mouse monoclonal antibodies against β-actin (Sigma
Chemical Company, USA) and peroxidase-conjugated sheep anti-
mouse IgG (Amersham Biosciences, England). Signals were detected
using Supersignal West Dura chemiluminescence (Pierce Biotechnolo-
gy Inc., USA) and exposure to Syngene Chemigenius-2 bioimaging sys-
tem using Genesnap software (Global, NZ). Caspase-3 enzymatic
activation was measured by monitoring the change in ﬂuorescence
(λex 370 nm/λem 440 nm) during the hydrolysis of the synthetic sub-
strate acetyl-Asp-Glu-Val-Asp-7-Amido-4-methyl-coumarin (Ac-
DEVD-AMC) [31].
2.6. Fluorescence microscopy measurements
All microscopy investigation was carried out using HMDM cells
grown on cover slips placed directly into the tissue culture well. The
cells were viewed using a Zeiss AxioImager.M1 epiﬂuorescent
Fig. 1. Loss of HMDM cell viability after HOCl treatment. A) Varying concentrations of
HOCl were given to HMDM cells in calcium-supplemented EBSS for 10 (△), 30 (□)
or 60 min (○). After 20 hour incubation in RPMI-1640 media with human serum, the
cells were analyzed for cell viability by MTT reduction. B) HMDM cells were treated
with 100 (△), 150 (□) and 200 μM (○) HOCl for 10 min then the media was changed
to RPMI-1640 with human serum and incubated for the time intervals indicated before
cell viability was determined as MTT reduction. C) HMDM cells were stained with PI
after treatment with increasing HOCl concentrations for 10 min. The cells were viewed
under a ﬂuorescence microscope and the ﬂuorescence intensities were converted to
numerical values. The data were expressed as percentages of the respective controls
in calcium-supplemented EBSSwithoutHOCl. Signiﬁcance is indicated from the respective
controls where no HOCl was added, except for B where signiﬁcance is indicated from the
zero time for each concentration.
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ferential Interference Contrast (DIC) condenser. Cells were viewed
using 40× Plan-NEOFLUAR objective. The images were captured
using a Zeiss AxioCam HRc CCD camera with AxioVision Rel. 4.5 soft-
ware (1300×1030 pixel resolution) and processed with Adobe
Photoshop 8.0. The strength of the ﬂuorescence was converted to nu-
merical values using the online software ImageJ, supplied by National
Institute of Health, USA, by measuring the intensities of three ran-
domly selected views.
Changes in cytosolic calcium concentrations were measured by
pre-incubating HMDM cells with 10 μM ﬂuo-3-acetoxymethyl (AM)
ester for 40 min, followed by exposure to HOCl for 10 min. After
washing with PBS and placing in EBSS, cells were visualized after exci-
tation with blue light (λex 488 nm) and photographing the green ﬂuo-
rescence (λem 530 nm) of the cytosolic ﬂuo-3 bound with calcium [32].
Lysosomal stability was measured by its ability to take up acridine
orange [15]. HMDM cells were treated for 10 min with HOCl before
washing with PBS and incubating for 20 min at 37 °C with 10 μg/ml
acridine orange in calcium-supplemented EBSS. Cells were viewed
with excitation light at 487 nm, using the Chroma multiband ﬂuores-
cence ﬁlter set 82000 and the single band blue exciter for FITC.
Changes in mitochondrial membrane potential (ΔΨm) were mea-
sured by pre-incubating HMDM cells with 100 nM tetramethylrhoda-
mine methyl ester (TMRM) for 30 min. After the 10-minute HOCl
treatment and PBS washing, the cells were immediately visualized
with excitation light at 548 nm and the orange ﬂuorescence (λem
574 nm) was photographed.
Morphological assessment of HMDM cell death was carried out
using propidium iodide (PI) following manufacturer's instructions
(BD Biosciences Clontech, USA). After HOCl treatment, HMDM cells
were washed in serum-free RPMI-1640 and incubated in dark at
room temperature with binding buffer (10 mM HEPES pH 7.4,
140 mM NaCl and 2.5 mM CaCl2) containing 4 μg/ml PI for 30 min.
The cells were viewed immediately after excitation (λex 535 nm)
and the red ﬂuorescence (λem 617 nm) was photographed.
2.7. Statistical analysis
Data was graphed and statistically analyzed using the Prism soft-
ware program (version 4.0; GraphPad Software, USA). Signiﬁcance
was conﬁrmed by a one-way analysis of variance (ANOVA), followed
by Tukey's multiple comparison test to provide a more quantitative
indication of signiﬁcance between treatments and/or time points. Sig-
niﬁcance levels are indicated in the following manner: *pb0.05;
**pb0.01; ***pb0.001. All data is representative of three separate ex-
periments. The means and standard errors of the mean (SEM) shown
within each experiment were calculated from triplicate samples.
3. Results
HOCl is highly reactive, so for these experiments the cells were ex-
posed to HOCl in EBSS for set length of time before replacing the
media with the more complex RPMI-1640 media with human serum.
This eliminated the effects of HOCl reacting with and generating new
reactants in the RPMI-1640 media.
Exposure of HMDM cells to HOCl caused a concentration-
dependent loss of cell viability (Fig. 1A). The viability loss was inde-
pendent of the length time the cells were incubated with the HOCl,
with 10-minute incubation giving the same viability loss as 60 min.
The viability loss was only signiﬁcant above a threshold concentration
of 50 μM HOCl with the viability dropping to below 20% with 200 μM
HOCl. Measurement of cell viability over the 24 hour post exposure to
HOCl showed that the majority of the viability loss was occurring
within the ﬁrst 10 min of HOCl exposure (Fig. 1B). With 100 and
150 μM HOCl, there were further 7% and 5% viability losses, which
were considerably small compared to the initial damage.Measurement of cellular ATP also showed a large and rapid loss of
ATP within 10 min of exposure to the HOCl with no further loss of
ATP occurring in the following 24 h in RPMI-1640 media with
human serum afterwards (data not shown). Similarly cellular gluta-
thione was also found to be rapidly lost with increasing HOCl levels
(data not shown).
Cellular ATP depletion is associated with the onset of necrosis
[33–34], so the propidium iodide (PI) was used to further
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dependent increase in PI ﬂuorescence intensities in HMDM cells
straight after HOCl treatment but only above 50 μM HOCl (Fig. 1C).
HOCl was causing the cells to lose membrane integrity thus allowing
the PI to enter the cells and stain them. We also noted that the cells
became larger and more swollen in appearance the higher the HOCl
(Fig. 2). These features were detectable straight after the HOCl treat-
ment and did not disappear 1 h after treatment. These morphological
changes and the cells' inability to exclude PI dye are characteristics of
necrotic cell death. This was further conﬁrmed by measuring caspase-
3 activation. We observed no concentration- or time-dependent
cleavage of the 32 kDa inactive pro-caspase-3 to the active 20 and
17 kDa caspase (Fig. 3). This ﬁnding was in agreement with measure-
ment of caspase-3 enzyme activity, which was not activated by the
HOCl treatment (data not shown). These results, together with the
morphological and ATP studies, show that HOCl-treated HMDM
cells underwent necrotic cell death.
The cell membrane is the likely primary target of the HOCl damage.
Radical damage to cells has been shown to lead to loss of calcium con-
trol triggering necrosis possibly through calcium leaking into the cellFig. 2.Morphological changes of HMDM cells after HOCl treatment. HMDM cells grown on c
After 1 hour incubation in the culture media, the cells were viewed in situ using an inverte
camera. Cells with distorted cellular membranes are marked with white arrows.[35–36]. In calcium-supplemented EBSS, HOCl treatment caused a rise
in cytosolic calcium levels above the 50 μM threshold and increased
with HOCl concentration up to 200 μM (Fig. 4A). In calcium-free EBSS,
there also was a rise in cytosolic calcium above 50 μMHOCl but no fur-
ther increasewas observed above 100 μMHOCl. The increases in calcium
due to the 100 μM HOCl were the same in both the calcium-free and
supplemented-EBSS. The results suggest that HOCl rapidly entered
HMDM cells and caused calcium release from intracellular sites, while
extracellular calcium only contributed to the cytosolic calcium pool at
higher HOCl concentrations. Treatment of the HMDM cells with the 4-
bromo-calcium ionophore A23187 caused a rapid rise in intracellular
calcium levels and triggered the loss of cell viability, but only when
the calcium levels rose 25% above the control with 3 μM A23187
(Fig. 4B). The link with calciumwas further explored by adding various
cell calcium modiﬁers. Using 150 μM HOCl in calcium-supplemented
EBSS, the HOCl-induced cytosolic rise in calcium (Fig. 4C) and cell
death (Fig. 4D) were signiﬁcantly inhibited by blockers of cell mem-
brane L-type calcium channel, nifedipine and verapamil. The T-type cal-
cium channel blocker ﬂunarizine also inhibited the HOCl-induced rise
in calcium and cell death. Interestingly, cell death was completelyover slips were treated with A) 0, B) 50, C) 100, D) 150 and E) 200 μM HOCl for 10 min.
d microscope with differential interference contrast (DIC) photos taken using a digital
Fig. 3. Caspase-3 enzyme activity is not activated in HMDM cells following HOCl treatment. A) Varying HOCl concentrations were given to HMDM cells for 10 min prior to incuba-
tion in the RPMI-1640 with human serum for 20 h. The cells were then examined for pro-caspase-3 conversion to the active 20 and 17 kDa forms by SDS-PAGE with immunoblot-
ting analysis. B) Cells in RPMI-1640 media with human serum were examined at the indicated time points for pro-caspase-3 cleavage following exposure to 150 μM HOCl.
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(RyR) that allows calcium release from endoplasmic reticulum, and by
removing extracellular calcium with EGTA. Dantrolene and EGTA were
also themost effective in reducing cytosolic calcium levels. The inhibitor
studies show that if the rise in calcium can be blocked or reduced, the
HOCl-induced cell death is inhibited.
With neuronal cells HOCl treatment has been observed to cause a
calcium-dependent lysosomal destabilization, which was mediated
by calpain [15]. With HMDM cells, HOCl also caused a loss in lyso-
some stability as shown by the loss of the intense red staining of
the acridine orange concentrated within the cellular lysosomes,
which was replaced with a green ﬂuorescence of the less concentrated
dye in the cytoplasm (Fig. 5A). Calpain inhibitors calpeptin and
SJA6017 at concentrations as low as 10 μM prevented lysosomal desta-
bilization (Fig. 5A) and loss of cell viability (Fig. 5B). Direct stabilization
of lysosomes with guanabenz and idazoxan [37] prior to 150 μM HOCl
addition also prevented the lysosome destabilization (Fig. 5A).
Since the lysosome organelles were clearly being disrupted and
we had measured a marked decrease in ATP generation, we examined
the mitochondrial function by measuring the ΔΨm with the orange
ﬂuorescence dye TMRM. HOCl caused a concentration-dependent
loss of ΔΨm (Fig. 6A). The loss of ΔΨm by the HOCl was due to the
opening of the of mitochondrial permeability transition (MPT) pore,
as pre-treatment with cyclosporin A prevented the HOCl-induced
loss of ΔΨm (Fig. 6B). Cyclosporin A binds to cyclophilin D protein
of the MPT complex inhibiting its opening [38–39]. It was surprising
that cyclosporin A also prevented the cell viability loss at concentra-
tion as low as 5 μM. It was equally surprising to ﬁnd cyclosporin A
also effectively preventing lysosome destabilization by HOCl (Fig. 7).
This shows that MPT-induced ΔΨm loss resulted in lysosomal destabi-
lization, indicating a pathway between calpain activation, MPT-
mediated ΔΨm loss and lysosome rupture resulting in macrophage
cell death.We examined further the relationship between ΔΨm and calcium
levels by adding the calcium ionophore A23187 to the HMDM cells in
calcium-supplemented EBSS without adding any HOCl (Fig. 6C).
A23187 caused a rapid loss of ΔΨm, which was prevented by 5 μM cy-
closporin A showing calcium was causing MPT pore formation in the
HMDM cells (Fig. 6C). Conversely, removal of the extracellular calcium
source using calcium-free EBSS completely prevented the loss of ΔΨm
with 150 μM HOCl (Fig. 6D). The addition of dantrolene to block endo-
plasmic reticulum calcium release prior to the addition of HOCl provided
no further protection. This suggests that HOCl-induced cytosolic calcium
increase was responsible for the ΔΨm loss in HMDM cells, and by re-
moving only the extracellular calcium source was sufﬁcient to prevent
this loss.
Preventing calcium entering the mitochondria via the ruthenium
red-sensitive mitochondrial calcium uniporter located in the organel-
le's inner membrane [40–41] during HOCl treatment also prevented
the HOCl induced loss of ΔΨm and cell viability (Fig. 6E). However,
the effect of ruthenium red was not complete at concentration as
high as 50 μM. This suggested a part of the cell death process was cal-
cium from the cytoplasm causing the mitochondrial dysfunction, but
not the key part. Blocking calpain activation with calpeptin also pre-
vented the loss of ΔΨm (Fig. 6F) suggesting that calpains were re-
sponsible for the mitochondrial dysfunction.
4. Discussion
Our data clearly shows that HOCl induced in HMDM cells a rapid
necrotic cell death characterized by PI dye inﬂux into cells (Fig. 1C),
cell swelling and lysis (Fig. 2) with no caspase-3 activation as
shown by both a lack of pro-caspase-3 conversion by immunoblotting
and the appearance of enzymatic activity (Fig. 3). Lack of caspase-3
activation by HOCl has also been reported in neuronal cells [15]. We
and others have previously shown that caspase activity is sensitive
Fig. 4. Effect of cytosolic calcium level increase on HOCl- or calcium ionophore-induced HMDM cytotoxicity. HMDM cells on cover slips were pre-incubated with 10 μM Fluo-3-AM
ester in calcium-supplemented EBSS for 40 min. The cells were treated with A) increasing HOCl concentrations in calcium-free EBSS (white bars) or calcium-supplemented EBSS
(black bars) for 10 min, or B) increasing concentrations of calcium ionophore A23187 in calcium-supplemented EBSS (white bars) for 5 min. The image of the cells was examined
under a ﬂuorescence microscope and the ﬂuorescence intensities were converted to numerical values using the ImageJ software. The cells grown in 12-well adherent Nunc plates
were analyzed for cell viability by MTT reduction after treatment with increasing concentrations of A23187 (black bars). The control values for cells with no A23187 added were not
shown. C) HMDM cells cultured on cover slips were pre-incubated with 10 μM ﬂuo-3-AM ester, whereas D) HMDM cells in 12-well adherent Nunc plates were pre-incubated with-
out ﬂuo-3-AM ester, in serum free-RPMI-1640 media, calcium-free EBSS, calcium-supplemented EBSS, or 50 μM ﬂunarizine, 50 μM verapamil, 50 μM nifedipine, 10 μM dantrolene
and 1 mM EGTA in calcium-supplemented EBSS for 40 min. After treatment with 150 μM HOCl for 10 min, the cells grown on cover slips were examined under a ﬂuorescence mi-
croscope and the ﬂuorescence intensities were converted to numerical values. The cells grown in the adherent Nunc plates were analyzed for cell viability by MTT reduction after
6 h. Data is presented as percentages of the respective controls without HOCl or A23187, and signiﬁcance is indicated from the same respective controls.
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thiols [9] and here we have shown that HOCl does cause a rapid loss
of HMDM glutathione suggesting thiol oxidation may inhibit the cas-
pase activation. Oxidative stress activation of caspase-3 via capsase-9,
normally requires apoptosome activity, which is dependent on Apaf-
1, cytochrome c release from the mitochondria and dATP or ATP,
[44–45]. The loss of ΔΨm and the effect of cyclosporine A indicate
that the MPT pore will be forming as a result of HOCl treatment
with the release of cytochrome c. However, proteolytic calpains do
appear to be active in the HMDM cells after HOCl exposure and cal-
pains have been shown to cause Apaf-1 degradation [46]. Calpains
have also been shown to cleave caspases to prevent them processing
into active forms [47–48]. Close examination of the immunoblots in
Fig. 3 does suggest a decrease in caspase-3 protein but there are no
cleaved fragments to support this mechanism. The rapid loss of cellu-
lar ATP, also observed in the HMDM cells as a result of HOCltreatment, suggests there is likely to be insufﬁcient ATP/dATP for
apoptosome formation. The evidence clearly supports a caspase inde-
pendent cell death mechanism in HMDM cells due to HOCl treatment.
What was evident was that HOCl-induced HMDM cell necrosis
was occurring via a mechanism dependent on a rise in calcium con-
centration within the cytosol (Fig. 4C and D). Calcium from both the
extracellular medium and intracellular sites contributed to the rise
in cytosolic calcium subsequent to HOCl treatment (Fig. 4A) and the
inhibition of the calcium rise, blocked the cell death (Fig. 4C and D).
Extracellular calcium entered cells via plasma membrane L- and T-
type calcium channels, which were sensitive to a range of calcium
channel blockers (Fig. 4C). Calcium was also released into the cytosol
from the endoplasmic reticulum through the RyR receptor (Fig. 4C).
The opening of these channels possibly occurred via HOCl interacting
with the essential thiols within the ion channel protein complex. The
thiol oxidizing agent 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB) has
Fig. 5. Effect of preventing calpain enzyme activity on HOCl-induced lysosomal destabilization and cell death in HMDM cells. A) HMDM cells cultured on cover slips were pre-
incubated in calcium-supplemented EBSS. The controls (ﬁrst row) had no further manipulations but the rest of the cells were treated with increasing concentrations of calpain in-
hibitors calpeptin (left column) or SJA6017 (middle column), or 10 μM of the lysosome stabilizers guanabenz or idazoxan (right column) for 1 h. The cells were treated with 150 μM
HOCl in calcium-supplemented EBSS except for the control cells, which were incubated in calcium-supplemented EBSS alone. The cells were analyzed for lysosomal integrity after
6 h by probing the cells with 10 μg/ml acridine orange for 20 min and viewing the cells under a ﬂuorescence microscope. Incubation of cells in calcium-supplemented EBSS alone for
6 h had no effect on the lysosomal stability or cell viability. B) HMDM cells were pre-incubated with increasing concentrations of calpain inhibitors calpeptin (white bars) or
SJA6017 (black bars) in calcium-supplemented EBSS for 1 h, followed by treatment with 150 μM HOCl in calcium-supplemented EBSS. The control cells were incubated in
calcium-supplemented EBSS with no HOCl added. After 6 h, the cells were analyzed for cell viability by MTT reduction. Cell viability is presented as a percentage of the respective
control where no HOCl was added, and signiﬁcance is indicated from the same respective control.
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[49] while the oxidation of thiol groups leads to activation of the
RyR on skeletal muscle sarcoplasmic reticulum membranes [50–51].
The RyR channels can also be triggered by a rise in cytosolic calcium
via the plasma membrane channels in a process called calcium-
induced calcium-release [52].Interestingly, while the L- and T-type calcium channel blockers ni-
fedipine, verapamil and ﬂunarizine only partially prevented HOCl
induced HMDM cell death, the RyR blocker dantrolene completely
prevented the cell death even with the calcium-supplemented EBSS
(Fig. 4D). This more potent effect of dantrolene was also reported
with HOCl-treated neuronal cells [15]. It is possible that dantrolene
Fig. 6. HOCl induces calcium-dependent loss of ΔΨm through MPT pore formation. HMDM cells cultured on cover slips were labeled with 100 nM TMRM in calcium-supplemented
EBSS for 30 min, during which various treatments described below were applied. Within 5 min after the treatment, the mitochondrial membrane potential (ΔΨm) was monitored
by observing the cells under ﬂuorescence microscopy and the ﬂuorescence intensities were converted to numerical values using ImageJ. The cells in the 12-well plates were exam-
ined for cell viability by MTT reduction. A) HMDM cells were pre-incubated with TMRM before the addition of varying concentrations of HOCl in calcium-supplemented EBSS for
10 min. B) HMDM cells were pre-incubated with increasing concentrations of cyclosporin A and TMRM at the same time before the addition of 150 μM HOCl in calcium-
supplemented EBSS for 10 min before analysis of the ΔΨm (white bars). Cell viability (black bars) was examined after 6 hour incubation after the treatment with HOCl. C)
HMDM cells were pre-incubated with TMRM in the presence or absence of 5 μM cyclosporin A for 30 min, after which 5 μM of the calcium ionophore A23187 in calcium-
supplemented EBSS was added to the cells for 5 min before measuring ΔΨm. D) HMDM cells pre-incubated with TMRM in either; calcium-supplemented EBSS, calcium-free
EBSS or calcium-free EBSS plus 10 μM dantrolene before the addition of 150 μM HOCl and the measuring of the ΔΨm. E) HMDM cells were incubated with TMRM plus increasing
concentrations of ruthenium red before the addition of 150 μM HOCl in calcium-supplemented EBSS for 10 min and the measurement of the ΔΨm (white bars). The cell viability
(black bars) was determined by MTT reduction 6 h after the HOCl treatment. F) HMDM cells were incubated in TMRM in the presence or absence of 10 μM calpeptin for 30 min,
after which the cells were treated with 150 μM HOCl in calcium-supplemented EBSS for 10 min. Data are presented as percentages of the respective controls in calcium-
supplemented EBSS where no HOCl, cyclosporin A, dantrolene, ruthenium red or calpeptin was added. Signiﬁcance is indicated from the same respective controls.
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plasmic reticulum.
Resting cells tightly regulate free calcium in the range of 100 to
200 nM in both the cytosol and the mitochondria. A rise in the cyto-
solic calcium concentration causes the activation of proteolytic cal-
pains, a class of calcium-dependent, ATP-independent cysteineproteases [53]. Activated calpains have been identiﬁed on human ca-
rotid plaque sections co-localizing with dead cells [54], implicating
their role in cell death and advanced plaque formation. Our calpain
inhibitor studies clearly show that calpain activation was a key
event in HOCl-induced HMDM cell necrosis (Fig. 5B). Inhibition of cal-
pain activity with speciﬁc calpain inhibitors did prevent the ΔΨm loss
Fig. 7. Cyclosporin A prevents HOCl-induced lysosomal destabilization. HMDM cells
cultured on cover slips were pre-incubated with or without 10 μM cyclosporin A for
30 min, after which the cells were treated with 150 μM HOCl in calcium-
supplemented EBSS for 10 min and incubated in the RPMI-1640 with human serum
for 6 h. The cells were analyzed for lysosomal integrity by loading the cells with
10 μg/ml acridine orange for 20 min and viewing the cells under a ﬂuorescence micro-
scope. Orange ﬂuorescencing cells indicated intake by lysosomes. The control cells
were incubated in calcium-supplemented EBSS but with no cyclosporin A or HOCl.
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completely inhibited by cyclosporin A in the HOCl treated HMDM
cells (Fig. 6B). Cyclosporin A inhibits MPT pore formation, which
causes the loss of the ΔΨm[18]. This suggests that calpains induced
MPT pore formation post HOCl treatment leading to ΔΨm loss and
subsequently cell death. With oxLDL-treated endothelial cells, acti-
vated calpains have been reported to promote MPT pore formation
via mediating Bid activation [55]. Mitochondrial calpains have also
been reported to be activated by calcium and tert-butyl hydroperoxide
in isolated rat liver mitochondria. It was proposed that mitochondrial
calpains activate MPT pore formation by cleaving proteins to generate
positively charged peptide fragments that allosterically modulate pore
opening through binding at a site that normally binds cations [56].
Other researchers have also suggested mitochondrial calcium ac-
cumulation causing MPT activation and ΔΨm loss. Calcium binds to
the negatively charged cardiolipin molecules that normally tightly
bind to the positively charged groups located in adenine nucleotide
translocator (ANT), a component of the MPT protein complex,
which leads to the release of positive charges within ANT and opening
of the gate [57]. It has also been suggested that calcium works in co-
operation with oxidizing agent to induce MPT pore formation [39,58].
We showed that preventing mitochondria taking up calcium with ru-
thenium red inhibited loss of ΔΨm and HMDM cell viability post HOCl
treatment (Fig. 6E). However, ruthenium red concentration as high as
50 μM was unable to completely prevent loss of ΔΨm and viability,
both of which could be completely prevented by only 10 μM calpeptin
(Figs. 5B and 6F). This suggests that in the present study mitochondrial
calcium accumulation played a minor role in mediating MPT pore for-
mation. Ruthenium red has been shown to block RyR receptor reconsti-
tuted in planar bilayers preventing ryanodine-induced calcium release[59]. This indicates that ruthenium red prevented loss of ΔΨm and via-
bility possibly by inhibiting cytosolic calcium increase.
Calpains have been shown to cause bleb formation and necrotic
cell death by proteolytically cleaving cytoskeletal proteins talin and
α-actinin in tert-butyl hydroperoxide-treated rat hepatocytes [60]
and actin in hydrogen peroxide-treated rat pancreatic acinar cells
[35]. Since blocking MPT pore formation with cyclosporin A also
blocked cell death and the appearance of any necrotic cell morpholo-
gy, it would appear that unspeciﬁc cellular damage by calpains is not
a feature of the HOCl-induced death in HMDM cells.
Lysosomal destabilization was completely inhibited by the calpain
inhibitors indicating that lysosomal destabilization was downstream
of calpain activation (Fig. 4A). Calpains have been suggested to mediate
lysosome destabilization in neuronal cells treated with HOCl but the
mechanism remains unclear [15]. Preventing MPT-mediated ΔΨm loss
with cyclosporin A was shown to inhibit lysosomal destabilization
(Fig. 7). This indicates that calpains induced lysosome destabilization
via opening MPT pore and causing ΔΨm loss, not via degradation of ly-
sosomal membranes. How exactlyΔΨm loss leads to lysosomal destabi-
lization is uncertain. Loss of the ΔΨm signiﬁcantly reduces the cells
ability to generate ATP. HOCl treatment of the HMDM cells did cause a
large and very rapid loss in ATP levels, which would result in failure of
the various proton pumps including those in the lysosome, hence the
observed decrease in acridine orange accumulation. This loss of ATP
generation capacity as a result of the MPT pore-dependent loss of
ΔΨm would drive the HMDM cells to a necrotic death, especially as
the loss of glutathione appears to have inhibited the caspase activity.
Lysosomal stabilizers guanabenz and idazoxan did block the lyso-
somal destabilization in HOCl-treated HMDM cells (Fig. 5A) as they
have been shown to block lysosomal destabilization in HOCl-treated
neuronal cells [15] and naphthazarin-treated astrocytes [37], but the
mechanism of their action has yet to be determined. The inhibition
of the cathepsins most likely released from ruptured lysosomes did
prevent cell death in HOCl-treated neurons suggesting that lysosome
rupture may be as important as ATP loss [15].
The data shows that HOCl causes HMDM cells to undergo necrosis
via triggering an increase in cytosolic calcium via calcium channels on
plasma and ER membranes. The calcium activates calpain, which
along with the elevated calcium triggers MPT pore formation leading
to ΔΨm loss. Without the functional mitochondria, there was a rapid
loss of ATP and lysosomal destabilization. The loss of glutathione ap-
pears to have prevented the caspase activation causing the cells to die
via necrosis with cell lysis being the main morphological feature
observed.
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